Immune checkpoint inhibitor (ICI) therapy has greatly improved treatment of various advanced cancers but increasing use of ICI therapy has exposed the risk of ICI-related cardiovascular side effects. Immune checkpoints are inhibitory regulators of T cell activation and mediate T cell effector functions during physiological responses to shield from autoimmune reactions. ICI therapy for advanced cancers promotes immune activity against tumors and is applied within a broad collective of cancer patients. Widespread use of ICI therapy has revealed the burden of immune related adverse events with various organ manifestations and characteristics. Since immune checkpoints are highly relevant for maintaining myocardial homeostasis as emerging evidence implicates, inhibition of immune checkpoint pathways has been associated with various forms of cardiotoxicity in preclinical models and patients. Although ICI-related cardiotoxicity is rare, it has significant relevance due to high mortality rates. This review focuses on current knowledge about cardiac ICI-related toxicity. We summarize the most common forms and delineate incidence, presentation, and treatment. Clinical characteristics are correlated to potential underlying pathomechanisms. We outline epidemiology, risk factors, and course of disease. Recommendations for monitoring and critical diagnostic measures are specified within the context of different forms of cardiac involvement. Different therapeutic implications for suspected ICI-related cardiotoxicity and their limitations are critically summarized. We highlight current gaps of knowledge concerning the underlying pathomechanisms and clinical characteristics of ICI-related cardiotoxicity. Future challenges are depicted for optimum cardio-oncology care of patients receiving ICI therapy.
T cell activation in response to antigen presentation is a critical step within the initiation of an adaptive immune response. T cell activation is initiated by antigen recognition of the T cell receptor (TCR). Multiple costimulatory signals are necessary to facilitate this process. T cell activation is counterbalanced by immune checkpoints that prevent exaggerated immune response and account for self-tolerance [1] . Cytotoxic T-lymphocyte-associated protein 4 (CTLA4) and Programmed death 1 (PD1) are the main lymphocyte immune checkpoints [1] .
CTLA4 is located intracellular in resting T cells, and translocates to the surface upon activation. CTLA4 then antagonizes the costimulatory receptor cluster of differentiation 28 (CD28) by ligation of CD28 ligands with high affinity to inhibit T cell activation. CTLA4 furthermore inhibits TCR activity to reduce T cell susceptibility to antigen presentation ( Fig. 1a) [2, 3] .
PD1 becomes expressed during early antigen-mediated activation of T cells. However, prolonged antigen expression in chronic infections or cancer causes sustained PD1 expression on T cells [1, 3] . PD1 is activated upon ligation with its ligands, PDL1 or PDL2 that are expressed on the surface of antigen-presenting cells. In contrast to CTLA4, PD1 inhibits T cell activity solely by the induction of downstream mechanisms. After binding of PDL1 or PDL2, PD1 is activated and initiates further downstream signaling (Fig. 1b ) thereby antagonizing TCR and CD28 signaling [1, 3] .
Immune checkpoint inhibitors for cancer therapy
Cancer cells are characterized by an evasion of immune response resulting from a lack of recognizable neo-antigens and specific transcriptomic programs to avoid T cell recognition [4, 5] . Immune checkpoint inhibitor (ICI) therapy aims to trigger enhanced immune activity to facilitate anti-tumor immune response [5] .
The first successful application of CTLA4 ICI therapy in a tumor mouse model was achieved in 1996 by the group of James P. Allison, who shared the 2018 Nobel Prize [6] . The first human CTLA4 antibody (ipilimumab) was initially used in clinical trials in patients with advanced cancers in 2000 [7] and FDA approval was granted in 2011 [5] . Nivolumab was the first PD1 antibody that was used in patients in 2006 and also the first to reach FDA approval for melanoma in 2014 [8] . Superior efficacy of ipilimumab and nivolumab when used as combination therapy for melanoma was demonstrated in studies [9] . Since 2011, six ICIs gained FDA approval for an increasing number of advanced malignant diseases (Table 1 ). While ICI therapy was initially limited to palliative therapy of advanced cancers, it has recently been approved for therapy after complete resection in an adjuvant, potentially curative setting [8] .
The introduction of immune checkpoint inhibitor therapy has greatly improved treatment for many advanced cancers and the number of patients receiving ICI therapy has rapidly increased. However, the augmented use of ICI therapy has led to an increased perception of relevant side effects, the so-called immune-related Adverse Events (irAE).
Immune-related adverse events (irAE)
ICI therapy conducts the closely balanced regulation of T cell activation and inhibition towards enhanced T cell activity throughout the whole organism and therefore facilitates autoimmune reactions. In this setting, ICI may exacerbate pre-existing processes, trigger autoimmunity in patients with genetic or acquired predisposing factors, or induce novel autoimmune disease in affected organs [10] . It is hypothesized that genetic variances and microbiome predispose to development of irAEs [9] .
irAEs typically occur within the early phase of therapy (≤12 weeks of therapy) and can rarely be observed after 1 year of therapy [11] . Adverse events can show variable presentation, ranging from asymptomatic laboratory findings to fulminant, life-threatening disease [11, 12] . irAEs are classified as low-grade (grades 1-2), high-grade (grades 3-4) and lethal (grade 5) according to Common Terminology Criteria for Adverse Events [13] . The incidence of irAEs varies between CTLA4 inhibitors and PD1 inhibitors. Exemplarily, gastrointestinal and skin irAEs are more common with CTLA4 inhibitors, while pulmonary irAEs are rarely seen with CTLA4 inhibitors compared to PD1 inhibitors [14] . High-grade adverse events were tripled in combination therapy compared to anti-PD1 monotherapy [15] . Minor irAEs occur in up to 90% of patients receiving anti-CTLA4 ICI therapy and 70% of patients receiving anti-PD1 or anti-PDL1 therapy. Major irAEs are seen in 10-15% of patients, and lethal irAEs were ranged from 0%-3.2% [11, 12, 16] .
Skin reaction and colitis are the most common irAEs followed by pneumonitis and hepatitis. Skin reactions can be found in 43-45% of patients treated with CTLA4 ICI therapy and 34% in patients treated with PD1 ICI therapy. Interestingly, the occurrence of vitiligo as irAE drepdicts response to PD1 ICI therapy for melanoma [14] . The incidence of highgrade events is below 5%. In contrast to skin irAEs, gastrointestinal irAEs are more severe and represent the most common irAE leading to treatment discontinuation and to treatment-related lethality [14, 16] . Enterocolitis can be found in 27-54% of patients treated with anti-CTLA4 ICI therapy. Colon perforation was observed in up to 6.6% of patients, and 1.1% of treated patients died of complications from CTLA4 ICI-related enterocolitis [14] . Cardiovascular immune-related complications are relatively rare, but hold the highest lethality rates [11] .
ICI-related cardiovascular toxicities in patients

Myocarditis
Epidemiology and pathomechanism
Since 2016, widespread application of ICI therapy has led to increased reporting of ICI-related myocarditis in several case reports and case series [17] [18] [19] [20] . The incidence for clinically manifest ICI-related myocarditis was determined as 0.09% (0.27% for combination ICI therapy) in 2016 according to Bristol-Myers Squibb corporate safety databases [18] . An increasing incidence of 1.14% was reported in a recent multicenter registry [20] . With a fatality rate of 27%-46% [19, 21] , ICIrelated myocarditis is the most lethal form of irAE [11] . ICI-related myocarditis typically develops within the early phase (17-34 days after initiation of ICI therapy) and can show a fulminant course of disease with severely depressed LV function, hemodynamic instability and need for intensive care [20, 22] .
Despite increasing reports of ICI-related myocarditis and promising experimental models for the role of immune checkpoints in cardiovascular disease, little is known about the underlying pathomechanisms. With regard to detection of troponin I autoantibodies in Pd1 −/− mice [23] , it was tempting to speculate that patients suffering from ICIrelated myocarditis develop specific autoantibodies against cardiac structures but so far, no specific autoantibodies were identified. Emerging data proposes that the tumor itself may play an important role in mediating an immune response against cardiac structures: in a case report using next generation sequencing of TCRs from myocardial T cells and tumor T cells of a patient suffering from ICI-related myocarditis, specific clones present in myocardium and tumor were identified. This finding proposes that shared epitopes between tumor and myocardium may contribute to development of manifest myocarditis, but this has only been demonstrated in a single case so far [18] . The further examination of ICI therapy in preclinical models to precisely characterize ICI-related cardiotoxic effects and their underlying mechanisms is now urgently needed as a basis for the development of targeted, protective measures.
Diagnosis and treatment
Little is known about predisposing factors that promote ICI-related myocarditis in patients undergoing ICI therapy. Myocarditis is more likely in patients receiving combination ICI therapy (ipilimumab and nivolumab) than monotherapy and fatality rates were higher for combination therapy [19, 20] . Diabetes mellitus may predispose to ICI-related myocarditis, but no such association has yet been found for other cardiovascular risk factors or presence of coronary artery disease [20] . ICI-related myocarditis is commonly associated with concomitant irAEs like myositis, myasthenia gravis, and hepatitis [19, 20] . Lately, several cases of latent, "smoldering" myocarditis with none or minimal symptoms have been reported indicating high variations in clinical presentation of ICI-related myocarditis [24, 25] . It may be speculated that the frequency of ICI-related myocarditis is underestimated as many cases may have been missed due to non-specific symptoms, low clinical awareness, and absence of standardized definitions [26, 27] .
Shortness of breath is the most common primary symptom in ICIrelated myocarditis [19, 20] . Approximately 50% of patients show an LV ejection fraction (LVEF) b50%. Cardiac troponin appears to be a valid marker with a sensitivity of 94-100% for manifest myocarditis [20, 28] . Further signs and symptoms may include angina pectoris, peripheral edema, ECG abnormalities (conductance delay, ventricular arrhythmia), and elevated (N-terminal pro) brain natriuretic peptide (BNP/NT-proBNP) [20, 26] . Severe conduction system disease (e.g. complete heart block) and ventricular tachycardia is commonly seen in patients with ICI-related myocarditis [10, 26] . The American Society of Clinical Oncology (ASCO) recommends a baseline cardiac workup and extended cardiology workup including echocardiography, chest x-ray, and cardiac biomarkers upon signs or symptoms. A standardized follow-up cardio-oncology visit within the early phase of therapy (week 4) may be beneficial, especially in patients receiving combination ICI therapy [29] .
Cardiac magnetic resonance imaging (CMR) serves as the preferable imaging tool for ICI-related myocarditis but due to moderate sensitivity according to recent reports, CMR should be evaluated together with further diagnostic measures [30] . According to a recent report on a cohort of 77 patients with confirmed ICI-related myocarditis, late gadolinium enhancement in CMR was found in 52% of cases and should be evaluated together with cardiac edema, necrosis, and fibrosis [31, 32] . Sensitivity of CMR was increased in patients with reduced LVEF but decreased when LV function was preserved (66% versus 43%) [31] . CMR has additionally been suggested for follow-up monitoring, but systematic evidence is not yet available [33] .
Endomyocardial biopsy should be evaluated for suspected ICIrelated myocarditis [30] . Particularly, evidence for myocarditis in tissue pathology has been proposed as central diagnostic criterion with high specificity for definitive myocarditis together with CMR and echocardiography in a recent proposal of case definition [30] . The availability of sufficient expertise for biopsy procedure and pathological interpretation is critical for optimum diagnostic quality [30] .
Recommendations on the treatment of ICI-related myocarditis are available from clinical practice guidelines by the ASCO and have been proposed in recent reviews (Fig. 2) [26, 29, 34] . However, no prospective data is yet available and all recommendations are based on small case series and anecdotal evidence. At any sign for cardiotoxicity, it is recommended to stop ICI therapy initially. Cardiotoxic effects can however be expected even after termination of ICI therapy since autoreactive T cells that recognize cardiac antigens can sustain beyond the period of ICI therapy [9, 26] . Interdisciplinary management of suspected ICI-related cardiotoxicity between oncologists and a specialized cardio-oncologist is required and intensive care management of major cardiovascular complications like severe heart failure or arrhythmia may be necessary and should be conducted in accordance to current European Society of Advanced or metastatic urothelial carcinoma with progression after CTX; NSCLC stage III with stable disease or remission following CTX and radiotherapy.
Selected indications are listed according to FDA approval. CTX, chemotherapy; FDA, Food and Drug Administration; HCC, hepatocellular carcinoma; HSCT, hematopoietic stem cell transplantation; HNSCC, head and neck squamous-cell carcinoma; NSCLC, non-small cell lung cancer [26, 44] . Cardiology (ESC) and American Heart Association (AHA) guidelines [35, 36] .
Immunosuppressive therapy with corticosteroids is recommended as initial therapy. Corticosteroid dose should be individually determined according to severity of disease. In patients suffering from myocarditis with hemodynamic impairment, 1 g per day intravenous prednisone is reasonable as first line therapy [33] . In patients without immediate response to corticosteroid treatment, addition of mycophenolate mofetil or tacrolimus should be considered [26, 33, 34, 37] . In a recent case report, antithymocyte globulin was effective for the treatment of corticoid-refractory ICI-related myocarditis [38] . As promising new targeted approaches, the CTLA4 agonist abatacept and the anti-CD52 antibody alemtuzumab were successfully applied in cases of steroidrefractory myocarditis [39, 40] . Particularly abatacept, a soluble IgG-CTLA4, may serve to improve treatment of steroid-refractory, ICIrelated myocarditis by specifically targeting immune checkpoint pathways with less off-target effects [39] .
No systematic data is yet available on the use of conventional cardiac medication in ICI-related myocarditis. β blockers and angiotensin converting enzyme (ACE) inhibitors are indicated in patients with reduced LVEF according to heart failure guidelines, but a cardioprotective role to prevent or mitigate ICI-related myocarditis has not yet been shown [26, 35, 36] . A recent review recommends the use of ACE inhibitors in patients with confirmed ICI-related myocarditis and left ventricular ejection fraction b50% in the absence of contraindications [26] .
Whether to resume ICI therapy after ICI-related cardiovascular events remains an important question since it may represent the best possible treatment for many advanced cancers. Rechallenge of ICI therapy after resolved irAEs has been extensively discussed [26, 29, 41, 42] .
For manifest ICI-related myocarditis, the ASCO recommends permanent discontinuation for all grades ( Table 2 ). In addition, ICI rechallenge is not recommended in patients with advanced conduction disease or critical ventricular arrhythmia [26] . In the context of low-grade, or asymptomatic forms, e.g. an isolated elevation of cardiac troponin without clinically manifest myocarditis or other forms of myocardial injury, it remains questionable if ICI rechallenge is reasonable for selected cases considering the potential effectiveness of ICI within advanced disease. Here, it is particularly important that nivolumab and ipilimumab have recently been approved for the treatment of melanoma patients in an adjuvant setting after complete resection augmenting a two-year disease-free survival of 50% to even higher rates [43] [44] [45] . Management of cardiac adverse effects of ICI therapy is therefore particularly important in these patients that are likely to be long-term cancer survivors. Currently, patients receiving adjuvant therapy are not exposed to the risk of ICI rechallenge after experiencing cardiac toxicities in clinical routine, but studies are still needed to support this practice.
Myocarditis
Takotsubo syndrome
Several reports have identified takotsubo syndrome-like cardiac adverse events during ICI therapy [21, 46] . The incidence of takotsubo syndrome is elevated in patients with cancer, and treatment with different forms of cytotoxic chemotherapy and targeted cancer therapy has been associated with the development of takotsubo syndrome [46] . In a retrospective study, 14% of patients with unselected ICI-related cardiotoxicity showed a takotsubo syndrome-like appearance [21] . In contrast to ICI-related myocarditis, the underlying pathomechanism of ICI-related takotsubo syndrome is expected to be non-inflammatory. It is unknown whether takotsubo syndrome is a direct ICI-related effect or indirectly induced by adrenergic stress during early ICI therapy [26] . Evaluation of takotsubo syndrome should include clinical examination, ECG, echocardiography, and cardiac biomarkers. Acute coronary syndrome should be excluded as underlying as underlying cause. CMR may help to evaluate presence of myocarditis [46] .
Interruption of ICI therapy is recommended in case of ICI-related takotsubo-syndrome [26] . No generalized recommendations on immunosuppression are available, but high-dose corticosteroid therapy (1 g methylprednisone intravenously) was proven to be effective in two reported cases [46] . QT-prolonging drugs should be avoided. Few data is available on the feasibility of ICI rechallenge following takotsubo syndrome. Therefore, ICI rechallenge should be evaluated individually after recovery of LV function under intensified cardiac monitoring [26, 47] .
Acute coronary syndrome (ACS)
Epidemiology and pathomechanism
Emerging data indicates a potential association of ICI therapy to other forms of cardiovascular disease. Particularly, a recent review highlights an increased incidence of acute myocardial infarction in ICI trials [26] . The authors hypothesize that ICI therapy may enhance inflammation of atherosclerotic plaques, destabilize pre-existing plaques, and promote plaque rupture. However, diverging evidence on the role of immune checkpoint signaling and its inhibition in atherosclerosis is available [26] .
CTLA4 and PD1 immune checkpoint signaling during formation of atherosclerosis has been evaluated in different preclinical and clinical settings. In an atherosclerosis mouse model using apolipoprotein E knockout (Apoe −/− ) mice, overexpression of CTLA4 ameliorated formation of atherosclerotic lesions by downregulation of CD4 + T cell activity and inhibition of macrophage migration into atherosclerotic plaques [48] . Similar results were obtained from another group after treatment of atherosclerotic mice with soluble CTLA4-IgG (abatacept) [49] . Here, the CTLA4 agonist abatacept reduced formation of atherosclerosis in a model of homocysteine-accelerated atherosclerosis in Apoe −/− mice [49] .
The role of PD1 in atherosclerosis formation is unclear. Since PD1deficient low-density lipoprotein receptor knockout (Ldlr −/− ) mice showed enhanced formation of atherosclerotic lesions with increased numbers of infiltrating macrophages and T cells, it was expected that PD1 ICI therapy accelerated development of atherosclerosis [50] . Additionally, it has been hypothesized that ICI therapy could induce coronary vasculitis that leads to acute myocardial infarction in the absence of atherosclerosis, but this mechanism has not yet been demonstrated [26] . However, nivolumab treatment was associated with improvement of atherosclerotic plaques in a retrospective study [51] . The authors hypothesize that strong PDL1 expression on dendritic cells within complicated plaques may govern so far unknown, beneficial mechanisms [51] . Taken together, despite preclinical evidence indicating deleterious effects of immune checkpoint deficiency on atherosclerosis, the role of immune checkpoints for atherosclerosis development in humans is not yet understood.
Diagnosis and treatment
In patients with suspected ICI-related ACS, diagnostic measures should be taken according to ESC and AHA myocardial infarction guidelines [52] [53] [54] [55] . Particularly, elevated troponin should prompt further ACS diagnostics including coronary angiography. Potential differential diagnoses include ICI-triggered coronary vasculitis and focal myocarditis. However, evaluation of ICI-related myocarditis as a potential cause for chest pain and troponin elevation should follow after rule-out of ACS [29] .
General treatment should be conducted according to appropriate ESC and AHA guidelines [52] [53] [54] [55] . Coronary angiography and percutaneous coronary intervention upon identification of a culprit lesion with subsequent dual antiplatelet therapy and supportive therapy (e.g. statins) are recommended. ICI therapy in patients with suspected ICIrelated myocardial infarction should be interrupted [26] . Upon successful therapy, an ICI therapy rechallenge after N30 days in clinically stable patients under intensified cardiac monitoring may be considered [26, 29] . So far, there is no evidence for the use of immunosuppressive therapy in this collective.
In patients with myocardial infarction under ICI therapy and without evidence for manifest coronary atherosclerosis during coronary angiography, ICI-triggered coronary vasculitis should be considered as differential diagnosis. Although there is no evidence on immunosuppressive therapy for coronary vasculitis, intravenous prednisone can be considered as an additional measure [26] .
Pericardial disease
Several cases of pericarditis have been reported in association with ICI therapy. Among cardiac adverse drug reactions, pericardial disease was the second most commonly reported event with 13.6% of all cases in an analysis of adverse drug reactions using the VigiBase database (World Health Organization) [56] . In a second retrospective study of patients with ICI-related cardiotoxicity of any kind, pericardial effusion was found in 7% [21] . Pericarditis can occur in isolation or together with ICI-related myocarditis (perimyocarditis). Retrospective data indicates a mortality rate of 21% [57] . Post-mortem and post-operative tissue pathology from three patients with ICI-related pericarditis revealed moderate to severe lymphocytic infiltration and fibrinous exudate [58] .
Symptoms of pericardial disease are often unspecific and diagnosis is challenging. Shortness of breath is the most common symptom of ICIrelated pericardial disease [56] . Further symptoms may include pericardial pain in the absence of pericardial effusion or upper venous congestion and cardiogenic shock in case of pericardial effusion [59] . In case of clinical signs or symptoms, pericardial disease is evaluated by physical examination, ECG, X-ray, and cardiac biomarkers [26, 56] . Concomitant presence of ICI-related myocarditis should be evaluated in the event of pericardial disease. CMR may serve as an additional imaging modality in selected cases and for the assessment of myocardial involvement. Cancer-associated pericardial effusion represents an important differential diagnosis. Here, examination of pericardial fluid may serve to differentiate the underlying pathology [59] .
Interruption of ICI therapy is recommended for all forms of pericarditis. Immunosuppressive therapy with 500-1000 mg prednisone daily followed by oral prednisone with slow weaning can be given as initial therapy. Colchicine and nonsteroidal anti-inflammatory drugs may be beneficial as additional treatment [26] . In case of steroid-refractory pericarditis, mycophenolate mofetil, infliximab, or anti-thymocyte globulin may serve as second line therapy but no systematic evidence is yet available [26, 56] . Management of complications including pericardiocentesis in the event of cardiac tamponade is recommended according to guidelines [59] . In a recent case series, a pericardial window procedure was described for cardiac tamponade during ICIrelated pericarditis. ICI rechallenge can be considered after pericarditis is completely resolved under intensified cardiac monitoring [26, 56] .
Conclusion and future perspective
Considering the increasing use of ICI therapy within palliative and curative therapeutic settings, there is an imminent medical need for understanding ICI-related cardiovascular side effects, their underlying pathomechanisms and best possible monitoring and treatment of patients suffering from ICI-related cardiotoxicity. For this, the availability of a specialized cardio-oncology unit is highly important to ensure optimum diagnosis and management of ICI-related cardiac adverse events. Additionally, prospective studies aiming to record and characterize cardiac function during ICI therapy are necessary. Systematic registration of patients suffering from ICI-related cardiotoxicity may help to develop standardized treatment recommendations for this collective.
At last, translational research including preclinical models to reproduce ICI-related cardiotoxicity in context of presence of a malignant tumor are necessary and may help to understand the underlying mechanisms and to identify new cardioprotective measures that will help to improve treatment of ICI-related cardiotoxicity.
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